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Abstract
In this work, cell adhesion and electroporation eﬀects have been studied through impedance measurements. Chinese
Hamster Ovary (CHO-K1) cells have been plated and grown adherent to multi-electrode arrays and then stimulated
to obtain the electroporation. We used Electrochemical Impedance Spectroscopy (EIS) measurements to analyze the
impedance variation that occurs with cell adhesion and, consequently, to obtain the intrinsic electrical parameters of the
electrode-cell interface through a lumped parameter model. The whole model allows to estimate the correction factor
β and the sealing resistance Rseal, both dependent on the cell coverage and adhesion. The electroporation has been
performed after cell adhesion, using a custom stimulation bench, able to evaluate the cell-electrode coupling and to
stimulate an individually addressable site. By performing EIS measurements, before and after the electroporation, cell
status, adhesion and membrane resistance can be detected. From measurements, an impedance decrease as a function
of pulse amplitude can be noted. The proposed equivalent electrical model allows to evaluate the variation in membrane
conductance due to pores formation. Moreover, average pore radius between 0.5 nm and 2.2 nm, increasing with pulse
amplitude, was estimated.
c© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Institute of Bio-Sensing
Technologies, UWE Bristol.
Keywords: electroporation, cells adhesion, multi-electrode array, electrode-cell interface, electrical model,
electrochemical impedance spectroscopy
1. Introduction
Cells membrane is an elaborate barrier that sustains homeostasis by allowing highly restricted chemical
access. Although only about 5 nanometers thick, it is impermeable to most ionic and polar substances. Thus,
bulky molecules pass through the barrier only when they are specially modiﬁed with chemical substances or
when the cell is damaged. Electrical stimulation causes transient pores in cells membrane and this method,
called electroporation, is widely used in genetics and molecular biology to promote the delivery of biological
active molecules, such as DNA, into cells.
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Pore formation occurs when the membrane potential is raised above a threshold value. A variety of
breakdown membrane potential have been reported, from 0.250 V [1] to ∼ 0.5 V [2] and 1 V [3]. Pores
duration and dimensions strongly depends on the applied stimuli. The minimum radius of a pore, for small
molecules transfection is about 0.4 − 1 nm [4] while the fraction of membrane area occupied by pores is in
the order of 0.1 − 0.01% [5, 1].
Electrodes can be used for both stimulating and measuring the resulting eﬀects [6, 7]. Cells adherent to
the electrode surface cause an increment of the impedance of the metal/electrode interface. Hence, electro-
chemical impedance spectroscopy (EIS) can be useful for monitoring cells behaviour [8] and in particular
their health, adhesion and electroporation level. It has been reported that the proliferation of a cell culture
over an electrodes array induces an increase in the impedance magnitude [9], while it is possible to detect
contaminant, which kill cells, as a decrease of overall impedance [10, 11, 12]. Moreover the opening of
pores in the cell membrane should be detect as an impedance decrease [13, 14]. EIS technique eﬀectively
characterizes cells electrical response over a wide frequency range.
Besides experiments, there is a need of enhanced theoretical models, as most of the cell parameters can
not be derived from direct measurements. Models are often represented by equivalent electrical circuits
[15, 2, 16] and are used to investigate the time evolution of electroporation process and the distribution of
electrical potentials over the cell membrane. Moreover, compared to analytical and numerical approaches,
which provide very extensive details on the behaviour of the membrane [17, 5], electrical models have a
direct and straightforward relationship with impedance spectroscopy experiments [18, 19].
In this work, a modiﬁed electrical model is developed in order to explain the adhesion of cells over mi-
croelectrode surface and the behaviour of their membrane under potential pulses stimulation. The combined
use of EIS measurements and the equivalent electrical model allows to quantify the eﬀect of electroporation.
In particular, the role of pulses amplitude in membrane conductance variation and in pores radius is here
investigated.
2. Materials and methods
2.1. Experimental set-up
The impedance magnitude and phase were measured with the SI1260A impedance analyzer ( Solartron,
UK). An Ag|AgCl|KCl 1 M electrode (CH111, CH Instruments, US) was used as reference electrode.
Cells were grown on a multi-electrode array (MEA 60 Au, Ayanda Biosystem, Switzerland) with 60
gold electrodes, 30 μm diameter each, on a quartz substrate. The device includes the culture chamber. The
electrochemical impedance measurements were carried out between the micro gold electrodes, individually
addressable, and a reference electrode in PBS solution both with the free electrodes and 2 h after cells were
plated on the chip surface. Measurements were performed in a frequency range from 100 Hz to 1 MHz,
using alternating voltage of 10 mV amplitude and a bias of 0 V. EIS measurements are made with the cell
culture medium.
Electrical pulses were applied with a signal generator (3321A, Agilent Technologies, US) between the
microelectrode and the reference electrode. Electrical stimulation consists of six pulses of 100 μs at the fre-
quency of 1 KHz. The total duration of the stimulation is 6 ms. Pulses of diﬀerent amplitude, Vpulse,between
0.3 V and 2.4 V, with a step of 0.3 V, were applied. EIS measurements were taken before and after the
application of the electrical pulses. Fig. 1 shows the time sequence of EIS-pulses-EIS approach used for
electroporation experiments. A switching unit (HP3488A, Hewlett-Packard, US) was used to quickly switch
the connection from the impedance analyzer to the pulse generator, and vice versa. The eﬀectiveness of elec-
troporation were also optically monitored recording the presence of Trypan Blue dye within the cells. The
system is controlled with a dedicated LabVIEW software.
Cell viability, electrode coverage and electroporation eﬃciency, in terms of the density of the dye within
the cell, are also monitored with the DM LB2 optical microscope (Leica Microsystems, Wetzlar, Germany).
2.2. Cell culture and chip plating
Chinese Hamster Ovary cells (CHO-K1) were obtained from the Department of Biomedical Sciences
(University of Padova, see 5). The cells were routinely maintained in Nutrient Mixture F-12 HAM (Life
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(a) (b)
Fig. 1. Time sequence of electroporation experiments: a) EIS measurements are taken before and after the application of the electrical
pulses; b) the electrical stimulation lasts 6 ms and consists of 6 electrical pulses of 100μs at the frequency of 1 KHz.
Technologies, Italy) supplemented with 10 % heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich),
10 U/ml penicillin and 10 μg ml−1 streptomycin at 37 ◦C in a 5 % CO2 environment. Biochips are wiped
carefully and rinsed with deionized water and sterilized with UV light before cell plating.
48 hours before electrochemical impedance spectroscopy experiments, cells are rinsed with PBS (NaCl
137 mM, KCl 2.7 mM, Na2HPO4 10 mM, KH2PO42 mM, pH 7.4) and incubated with Trypsin-EDTA (Invit-
rogen Corp., Carlsbad, CA, US) for 1’ at 37 ◦C. After Trypsin inactivation by complete medium, cells were
centrifuged for 5’ at 250 g. Cells were then suspended and plated on chips at a density of 105 cells cm−2 to
ensure that each electrode was covered at least by one cell.
Before electroporation experiments, the culture medium is removed from the chip and the cells are
rinsed with PBS. A 0.08 % (v/v) solution of Trypan Blue is incubated on the cells during the electroporation.
Trypan Blue is a dark blue vital stain capable of entering a cell only if the plasmatic membrane is porated.
Ten minutes after the electroporation, the Trypan Blue solution is removed from the chip and the cells are
rinsed thrice with PBS prior to observation at the microscope.
2.3. Model of the cell-electrode interface
The parameters related to the electrode-solution interface have been evaluated ﬁtting experimental data
while the cell ones have been analytically calculated. To ﬁt experimental data, an equivalent electrical
model for electrode-electrolyte interface which takes into account electrodes surface roughness was used
[20]. Fig. 2 a) shows the equivalent electrical model used to ﬁt experimental data of both the electron
solution/interface and the cell. The interface model consists of the charge transfer resistance Rct, which is
related to exchange of electrons between the surfaces and the electrolyte [21], the electrolyte resistance Rs,
the constant phase element ZCPE and a parasitic capacitance Cp wich is related to the device. Table 1 reports
the parameters of the model and their analytical values together with related references. The charge transfer
resistance can be calculated as Rct = Vt/zJ0, where Vt is the thermal voltage, z is the ions valence number
and J0 is the exchange current density [22]. The theoretical formulation of the spreading resistance [23] is
Rs = (4σsre)−1, where σs = 1.6 S m−1 is the electrolyte electric conductivity and re = 15 μm is the radius of
the circular electrode. The impedance ZCPE = ( jωCdl)n takes into account the electrode surface roughness
[20], with n empirical parameter between 0 and 1, and Cdl = C
1/n
dl,0. The double layer capacitance Cdl,0
can be calculated as Cdl,0 = ε0εr,sA/LD, where ε0 is the vacuum permittivity, εr,s is the electrolyte relative
permittivity, A the circular electrode area and LD is the Debye length. The values of these parameters for
PBS solution are reported in Table 1. The value of the empirical parameter n for gold microelectrodes is
typically 0.9 [20] and so Cdl = 46 pF.
In our model a capacitance Cp, which takes into account the device parasitic elements, was considered.
Considering the case of the cell-free electrode interface, the impedance transfer function is described by the
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Fig. 2. a) cell/electrode interface model for cells adhesion study; b) cell/electrode interface model for cells electroporation study.
Fitting parameters are highlighted in red.
following equation:
Zel(ω) =
1 + Rs ( jωCdl)n
( jωCdl)n
[
jωRsCp + ( jω)1−n
Cp
Cndl
+ 1
] , (1)
under the hypothesis that Rct  Rs. Cp sets a pole at high frequency fp = (2πRsCp)−1. EIS measurements
showed a pole at 2 MHz (data not shown), so that a value of 9 pF for parasitic capacitance Cp was obtained.
The equivalent electrical model of the cell, as shown in Fig. 2, includes the parameter Rm and Cm,
representing the cell membrane, and the cytoplasm resistance Rc. The impedance transfer function of the
cell can be written as:
Zcell(ω) =
Rm
1 + iωCmRm
+ Rc +
Rm
1 + iωCmRm
. (2)
Membrane parameters ( Rm, Rc and Cm) were evaluated under the approximation of spherical thin layer
as described in [16]. The cytoplasm has been approximated with a sphere of 5 μm-radius [23] with an
electric conductivity of 0.464 S m−1 as described in [15].
The cell is coupled to the electrode through the resistance Rseal, which is the sealing resistance between
the electrode and the cell, and the capacitance Chd, which represents the membrane-electrolyte interface
[12]. A correction factor β, related to the microelectrode coverage, multiplies the constant cell impedance
Zcell.
Therefore, the complete transfer function of the system is:
Z = Zel + β
ZcellRseal
Zcell + Rseal
. (3)
The parameters of cell-free electrode were obtained by ﬁtting EIS measurements data with model (1).
Then, in adherent cell experiments, the free-cell electrode impedance was considered ﬁxed and the value of
parameters β and Rseal are obtained by ﬁtting the complete model (see eq. 3).
Fig. 2 b) shows the additional resistance Rpore, in parallel with the membrane parameters Rm and Cm.
Thus, the cell transfer function (Eq. 2) changes as follows:
Zcell(ω) =
(
Rm//Rpore
)
1 + iωCm
(
Rm//Rpore
) + Rc +
(
Rm//Rpore
)
1 + iωCm
(
Rm//Rpore
) (4)
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Table 1. Parameters of the cell electroporation model.
Parameter Analytical value
σs 1.6 Sm−1
σp 2 Sm−1
LD 1 nm
εr,s 80
re 15 μm
Cdl,0 500 pF
Cdl 46 pF
Rct 1.83 · 1012 Ω
Rs 11 kΩ
Cp 9 pF
Rm 4.244 · 109 Ω
Rc 1.83 · 105 Ω
Cm 0.785 pF
where the resistance Rpore represents the overall resistance of ionic channels, distributed over the cell mem-
brane, after electroporation experiments. To obtained the value of Rpore, the other parameters were ﬁxed,
with the exception of Rseal.
All models and ﬁtting elaboration were performed with a least square code implemented with MATLAB
(The MathWorks, Inc., US).
3. Results and discussion
Impedance spectroscopy measurements were performed to monitor cells coverage and adhesion over
microelectrodes and the eﬀects of electroporation on membrane pores, in separated experiments.
3.1. Cells adhesion
EIS measurements are very sensitive to modiﬁcation of electrode interface. Thus, adhesion of cells
over the electrode can be monitored in details and cells adhesion parameters can be obtained. Experiments
were performed two hours after cells were plated on the chip, and the number of cells over the surface was
evaluated optically for each electrode.
Fig. 3 shows the average impedance measurements, in magnitude and phase variation, for electrodes
without cells over their surface and for electrodes with diﬀerent covering levels, in a frequency range be-
tween 1 kHz and 1 MHz. Each set of data is related to at least 4 independent measurements.
Fig. 3(a) shows the percentage variation of impedance modulus, calculated as
ΔZ =
Zcell − Zfree
Zfree
· 100. (5)
EIS measurements showed a signiﬁcant variation in a frequency range between 10 kHz and 800 kHz.
As shown in Fig. 3(a) the variation of impedance modulus increases whit increasing number of cells and
consequently the electrode coverage. The variation is about 41 % in the case of one cell, 163 % in the
case of two cells and 313 % with three cells over the electrode surface. At the same time, the frequency
of maximum variation decreases at low frequency, from 180 kHz to about 66 kHz: hence, the importance
of a wide range of analysis. The phase variation was calculated as the diﬀerence between the phase of the
cover electrode and the phase of the cell-free electrode. The phase variation is from −40◦ to about +40◦.
The presence of cells adds a pole and a zero at frequencies that decrease with increasing the coverage. The
eﬀect at high frequency (see Fig. 3(b)) is to reduce the phase, with respect to the free electrode impedance,
to a more capacitive value.
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(a) (b)
Fig. 3. a) percentage magnitude variation and b) phase variation in the case of cell-free electrode (•), one cell (×), two cells (o) and
three cells (♦) over the electrode surface. EIS measurements data are indicated by markers and ﬁtting curve are indicated by dashed
line
To analyze and quantify the above EIS measurements results we evaluated the cover factor β and the
adhesion parameter Rseal. A MATLAB code based on least squares method was developed to ﬁt experimental
data with the electrical model shown in Fig. 2.
Considering cell-free gold electrode model in PBS solution, the electrolyte resistance, Rs , is equal
to 14.447 kΩ with a standard deviation of 1.1 %, the electron transfer resistance Rct results 1.97 · 1012 Ω
(±2.1 %) and the constant phase element, ZCPE, gives a value of 2.07 · 10−11 F (±6.9 %) for Cdl, with
n = 0.9055 (±0.5 %). The stray capacitance, Cp, which represents the whole parasitic capacitance of chip
substrate and measurements cell, results 2.792 pF (±11.9 %). The eﬀect of this parasitic capacitance is
to increase the phase at high frequency. Fitting data derive from 31 experiments with a goodness-of-ﬁt
r2 = 0.9974. Those values are in good agreement with analytical values as shown in Table 1.
The parameters Rm and Cm represents the cell membrane and Rc is the cytoplasm resistance. They have
been calculated (Table 1) and considered constants during ﬁt. The values of Chd is taken from [24]. Finally,
β and Rseal have been considered as ﬁtting parameters.
Fitting results are reported in Fig. 3 as dashed curves. These curves track the experimental data properly,
both for magnitude and phase, up to 300 kHz. Above 300 kHz the phase is higher than experimental data,
and this is probably due to a second order parasitic capacitance, that was not included in our model. As ex-
pected, the sealing resistance Rseal increases, in accordance with β, when increasing the electrode coverage,
from few MΩ to more than ten MΩ. In the three cases the following values of Rseal were obtained: 1.72 MΩ
(R2 = 9793), 3.22 MΩ (R2 = 9862) and 13.81 MΩ (R2 = 9787), respectively for one, two or three cells.
Correspondingly, β = 0.005, β = 0.19 and β = 0.022 were obtained. The eﬀect of increasing the coverage
of the electrode surface and the cells adhesion is to reduce the current ﬂowing through the gap between the
cell membrane and the electrode surface, and thus to increase β and the sealing resistance Rseal.
3.2. Cells electropermeabilization
After the evaluation of cells adhesion over microelectrodes, cells have been stimulated by six pulses of
100 μs at the frequency of 1 kHz. The role of pulses amplitude Vpulse was studied in a range between 0.3 V
and 2.4 V, with a step of 300 mV. Membrane resistance changes have been monitored through electrochem-
ical impedance spectroscopy measurements before and after the electrical stimuli. Data and standard devia-
tion come from at least ﬁve independent experiments for each applied voltage. Fig. 4 shows the impedance
magnitude variation as a function of the applied voltage.
Up to an applied voltage of 0.9 V, the impedance modulus is nearly constant and the variation is below
1.1 %. A threshold value between Vpulse = 0.9 V and Vpulse = 1.2 V can be observed, where the variation
is from −0.011 to −0.051. Thus, after Vpulse = 0.9 V, the impedance modulus decreases rapidly to a total
variation of 15 % at Vpulse = 2.4 V.
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Fig. 4. Impedance magnitude variation as a function of applied voltage. Impedance is measured just before and after the application of
electrical stimuli. For each value of the applied voltage Vpulse, at least three cell-covered microelectrodes were measured.
Correspondingly, there is non evidence of Trypan Blue dye entrance within the cell membrane below
0.9 V of applied voltage. Indeed, between Vpulse = 1.2 V and Vpulse = 2.1 V the concentration of dye
increases visibly. Besides, Trypan Blue is normally undetectable at low concentration [25], optical results
and EIS measurements are in good agreement: pores formation is detected as a drop in the cell/electrode
interface impedance.
It can be noted that a low impedance variation (≤ 1 %) occurs also for applied voltage below 0.9 V (see
Fig. 4). It is likely due to the morphological changes in cells after electrical shock, which is related to a
sealing resistance Rseal increasing.
For short pulses (∼ 100 μs) electropermealization and breakdown depend on tension. Pores occur when
the transmembrane potential ΔΨm exceeds a threshold value, which is the breakdown membrane potential
ΔΨep. As the transmembrane potential is expressed as
ΔΨm = ΔΨ|i − ΔΨ|e, (6)
where ΔΨ|i and ΔΨ|e are respectively the electric potential calculated at the inner and the outer membrane
surface [26, 1, 4], the average voltage across the cell layer has to be evaluated. The potential appearing
across the cell membrane can be estimated from the EIS measurements and from the analysis of the model
proposed in Fig. 2. Then, the transmembrane potential can be calculated as
ΔΨm 	 Vcell = 12Vpulse
Zcell − Zel
Zcell
, (7)
where Vpulse is the external applied voltage, Zel and Zcell are the total impedance of the cell-covered and
cell-free electrode, respectively, as expressed in Eq. 1 and 2. The above assumption that the transmembrane
voltage is nearly equal to Vcell comes from the consideration that the cytoplasm inside the cell has very low
resistance, thus, the entire voltage drop of the cell layer is half applied on the membrane. From Eq. 7, a
transmembrane potential threshold between 248 mV and 330 mV was found, which is in good agreement
with literature [1, 27, 4], in the cases of short pulses stimulation.
The eﬀects of applied potential on the membrane permeabilization was also evaluated through the equiv-
alent electrical model of Fig. 2(b), where the overall pores resistance, Rpore, and sealing resistance Rseal,
were the ﬁtting parameters. As above mentioned, a variation in Rseal, due to a cell morphological change,
can explain the low impedance variation below the breakdown membrane potential. Moreover, above the
potential threshold (248 − 330 mV), Rseal cannot explain the large impedance variation, because it should
have a value well below 106 Ω (by ﬁtting results), which is not consistent with the presence of one or more
cells (see 3.1). Rpore values obtained from the ﬁtting conﬁrm the threshold behaviour of permeabilization.
In fact, Rpore presents a variation of three orders of magnitude after the threshold level, as can be seen from
Fig 5(a), from 4.7 · 109 Ω to 2.9 · 106 Ω. Such a large variation can be explained as an electroporation eﬀect.
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The generated pores in the cell membrane, after electrical stimuli, act like a conductive path, i.e. a low
resistance. As this resistance Rpore is in parallel with the higher membrane resistance Rm, the result is a
strong increase of the overall cell conductance.
(a) (b)
Fig. 5. Fitting values of (a) the overall pores resistance Rpore and (b) the radius of pores as a function of applied voltage Vpulse. The
pores radius is the average radius considering a ﬁx number of pores, i.e. np = 100, np = 100, np = 1000 or np = 10000.
The number of created pores depends on the number of pulses [28]. Moreover, both the average number
of pores and the average radius may depend on pulses potential. With our measurements it is impossible
to evaluate both the number of pores and their size. However, we estimated the average pore radius rpore
assuming a certain number of pores np, considering the above pores resistance Rpores as the parallel of n
single pore resistance. Then each pore resistance can be expressed as:
Rp =
dm
πr2poreσp
, (8)
where dm = 5 nm is the membrane thickness and σp = 2 Sm−1 is conductivity of the solution ﬁlling the
pore [17]. Fig. 5(b) shows the average pore radius rpore as a function of the applied potential Vpulse. With
np = 100 the radius is from 1.6 nm to 7.0 nm for the highest applied pulse, while this number is often
considered a small number of pores per cell [27, 29]. Instead, if we assume np = 10000, we obtained
that the minimum pore radius, over the breakdown potential, is about 0.2 nm, which is not consistent with
experimental results, where the pores formation, i.e. the entrance of Trypan Blue, was observed. With
np = 1000, which is similar to the value of about 2000 pores observed in [30], the minimum pore radius is
rp = 0.5 nm, after the threshold, and the radius at highest applied voltage is rp = 2.2 nm. The minimum
value of rp = 0.5 nm is more reasonably, considering the dimension of Trypan Blue molecule (> 0.6 nm).
These numbers are also in agreement with [4] and [31].
4. Conclusions
In this work, we presented the use of impedance spectroscopy to monitor cell adhesion and membrane
electropermeabilization. Electrode covering and membrane resistance variation due to pores creation were
studied through an electrical model. Considering the analysis on cells adhesion, impedance measurements
showed a signiﬁcant variation in the frequency range from 10 kHz to 800 kHz. In this range it is possible
to quantify the covering of the electrode surface varying from a single cell to a full covering. Using a
comprehensive electrical model of the cell-electrode interface the parameters of the cell-free electrode have
been extracted. Moreover, with this model, both a cover factor β, i.e. a correction factor that multiplies the
cell model, and the resistance Rseal, i.e. the sealing resistance between electrode and cell, were determined
in the presence of one, two or three cells over the microelectrode.
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The electroporation leads to an impedance magnitude decrease, due to pores creation. Both experimental
data and ﬁtting results presented a threshold behaviour. Actually, membrane conductance variation due to
above-threshold electric stimuli is three orders of magnitude. Thus, our experiments show that impedance
measurements eﬀectively monitor the eﬀects on pulses treated cells. Moreover with proposed electrical
model, it was possible to evaluate diﬀerent cell parameters. Pore radius was estimated for diﬀerent applied
voltages and it varies from 0.5 nm to 2.2 nm, in according to the dimension of transfected molecules.
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